Blood serum concentration of IGF-I was analyzed to determine its relationship with individual postweaning feed efficiency (gain/feed) of 36 crossbred steer calves fed at three levels of feed intake ( n = 12 at each level). Diets consisted of a corn silage-based growing diet for 84 d followed by a 91% concentrate finishing diet for 56 d. Dietary intake levels were at 80, 90, or 100% of ad libitum. Diets were formulated to ensure equal daily intake of protein, vitamins, and minerals across intake treatment levels. Intake was measured daily; ADG, DMI, and feed efficiency were calculated at 28-d intervals, through d 140. Individual weights and serum samples were collected at the beginning of the study and at 28-d intervals thereafter. The IGF-I concentrations were determined with a RIA. Data were analyzed as a multivariate split-plot in time. Imposed dietary intake restrictions did not affect serum IGF-I concentration ( P = .90) or individual feed efficiency ( P = .36), even though the least squares means for IGF-I concentration tended to decrease and the feed efficiency means tended to increase under the restricted intake levels. Serum IGF-I concentration, ADG, and feed efficiency were affected ( P < .001) by collection date. Residual correlations between IGF-I concentrations at adjacent 28-d sampling times averaged .72. Diet intake level × sampling time interactions existed for ADG ( P = .02) and feed efficiency ( P < .001). Positive residual correlations of .28 ( P < .001) and .16 ( P = .07) existed between IGF-I and ADG and between IGF-I and feed efficiency, respectively. Regression analysis indicated that a 1 ng/mL increase in serum IGF-I concentration was associated with a .00135 kg/d increase in ADG ( P < .001) and a .0001 kg gain/kg feed increase in feed efficiency ( P = .04). These results support the hypothesis that serum IGF-I plays a role in growth and in efficiency of feed utilization in beef cattle.
Introduction
Because feed cost is a major component of total cost in a production system (Weller, 1994) , efficiency of feed utilization by individual animals is important. Measurement of feed efficiency in a commercial setting is not only difficult, it is expensive and requires feed monitoring and animal identification equipment or space for individual feeding pens. In situations in which it is difficult to measure the trait of interest directly, Blair et al. (1990) recommends using an indirect physiological indicator to predict genetic merit of animals for the unmeasured trait.
Insulin-like growth factor I is a single-chain 70 amino acid, basic polypeptide (Rinderknecht and Humbel, 1978 ) that seems to mediate the growthstimulating action and metabolic activities of growth hormone (Van Wyk and Underwood, 1978) . LundLarsen et al. (1977) reported a negative correlation ( −.50, P < .05) between mean IGF-I concentration and feed conversion (feed/gain) in cattle. Evidence based on pen (i.e., sire group and sex) feed consumption also indicated that a negative correlation existed ( −.24, P < .05) between on-test serum IGF-I concentration and postweaning feed conversion in cattle (Bishop et al., 1989) . Blood serum IGF-I concentration was directly related to feed efficiency in rats (Reeves et al., 1979) . Table 1 . Diet composition for the growing phase (first 84 d) of the postweaning test period (adapted from Murphy and Loerch, 1994) a Contained > 93% NaCl, .35% Zn, .28% Mn, .175% Fe, .035% Cu, .007% I, and .007% Co. Ballard et al. (1993) reported a 32% increase in feed efficiency of male rats treated i.v. with IGF-I compared to controls over a 7-d period. Therefore, blood serum concentration of IGF-I may be a useful physiological predictor of individual growth and feed efficiency. Thus, the purpose of this research was to investigate relationships between blood serum IGF-I concentration and postweaning ADG and individual feed efficiency under normal and restricted feeding conditions.
Materials and Methods
This study was part of a research project designed to investigate the effects of restricted feeding on growing steers (Murphy and Loerch, 1994) . All animals were maintained at the Ohio Agricultural Research and Development Center (OARDC) of The Ohio State University in Wooster.
Description of Animals. Individually penned steer calves ( n = 36; 1992 fall-born Continental × English crossbreds) were randomly assigned to one of three dietary intake levels on a permanent basis. Each intake treatment consisted of 12 experimental units. Average initial BW was 287 ± 14 kg. All steers were implanted at d 0 and 84 with Ralgro ® (zeranol; courtesy of Pittman-Moore, Terre Haute, IN). Procedures for animal care followed accepted guidelines (Consortium, 1988) .
Dietary Description and Intakes. Steers were housed in a totally enclosed facility and fed individually in 1.2-× 2.4-m pens with slatted concrete floors. An 80% corn silage-based growing diet (Table 1 ) was fed for the first 84 d of the postweaning test, followed by a 91% concentrate finishing diet (Table 2 ) for 56 d. Diets were formulated to ensure equal daily intake of protein, vitamins, and minerals across intake levels. Assigned intake levels were 100, 90, or 80% of ad libitum. It is important to note that energy, and not other nutrients, was restricted. This is a unique aspect of the current study not investigated by others. Animals were fed once daily and feed intake was measured daily for each steer. Feed allotment for the animals on the restricted diets was calculated by obtaining the average intake of the 12 steers that were given ad libitum access to feed on the previous day and multiplying by .9 or .8 accordingly. This amount of feed was given to the appropriate steers on an individual basis. Therefore, feed at the 90 and 80% levels was offered on a per-steer basis. All steers were fed Rumensin ® (monensin; Elanco, Greenfield, IN).
Weighing Procedure. Body weights were obtained on d 0 and at 28-d intervals throughout the trial. All weights were recorded at approximately the same time in the morning, commencing at 0800, before the daily feeding. Initial ( d 0 ) and d-84 weights were calculated as an average of weights obtained on two successive days during the postweaning test period. All animals received 6.5 kg of DM for two consecutive Blood Serum Collection. Blood samples (approximately 25 mL) were collected into sterile glass tubes by jugular puncture of each animal on d 0 and every 28 d, at the same time animals were weighed, throughout the postweaning test period. Blood was allowed to clot at 4°C for 24 h. Serum was collected by centrifugation at 1,800 × g for 20 min at 4°C and frozen at −20°C until it was assayed.
IGF-I Radioimmunoassay Procedure. Serum IGF-I
concentrations were determined as previously described (Bishop et al., 1989) . Recombinant human IGF-I served as the standard and as the iodinated tracer in the assay. Anti-IGF-I rabbit anti serum (UB3-189) was obtained from the National Hormone and Pituitary Program of the National Institutes of Health and was used at a final dilution of 1:10,000.
Comparison of the assayed cattle sera to standard displacement curves determined serum IGF-I concentrations of individual samples.
Statistical Analysis. Data were analyzed as a multivariate split-plot in time using the repeated measures, analysis of variance format outlined for the GLM procedure of SAS (1992). The model consisted of the dependent variables serum IGF-I concentration, ADG, and feed efficiency, and it accounted for the fixed effects of dietary intake level, collection date of the serum sample (associated with IGF-I concentration), or the period of time between two adjacent sampling dates (associated with ADG and feed efficiency), and the dietary intake × collection date (or sampling period) interaction. The intake level × collection date interaction was not significant ( P = .33) for IGF-I concentration and therefore was deleted from the model used to analyze that dependent variable. The interaction was significant for ADG and feed efficiency and therefore remained in the model used to analyze those dependent variables. A random effect of animal nested within dietary intake level was included in the model and served as the error term for testing the effect of intake level on the dependent variables. The effect of collection date (or sampling period) and the interaction term were tested using the residual mean square as the error term. Animal was used as the experimental unit in the analyses (Gill and Hafs, 1971) . A second analysis was conducted to determine residual correlations among IGF-I, ADG, and feed efficiency and to determine coefficients for the regression of ADG and feed efficiency residuals on IGF-I residuals. The model used to generate the residuals used in the second analysis included all fixed and random effects used in the first analysis of variance. 
Results
Least squares means and standard errors for IGF-I, ADG, and feed efficiency are presented in Table 3 . Blood serum IGF-I concentrations were not affected by intake restrictions ( P = .90), even though the least squares means tended to be smaller for the 80% ad libitum group than for the 100 and 90% ad libitum groups. Dietary intake level had a highly significant effect on ADG with lower ADG resulting from restriction of energy intake. However, intake level × time period interaction was significant for ADG. The 80 and 90% of ad libitum diets resulted in lower ADG than the 100% of ad libitum diet in every time period except period 4 ( d 84 to 112). Large increases in ADG were observed in the 80 and 90% of ad libitum groups during period 4, the period immediately following the change from a growing diet to a finishing diet at d 84. Steers on the restricted diets may have experienced compensatory growth during period 4. Differences in ADG between the 80% of ad libitum and 90% of ad libitum intake levels were generally small and changed in direction from time period to time period.
Feed efficiency was not significantly affected by the restrictions imposed on dietary intake ( P = .36), although the least squares means for feed efficiency tended to increase from .209 ± .005 to .221 ± .005 kg gain/kg feed as the intake level was reduced from 100 to 80% of ad libitum. In addition, the intake level × time period interaction was highly significant for feed efficiency. In period 1 ( d 0 to 28), the highest feed efficiency values were obtained when steers were fed 100% of ad libitum; in periods 2 through 5, the highest values were observed when the 80% of ad libitum diet was fed.
The IGF-I concentrations, ADG, and feed efficiency were all affected ( P < .001) by time (specifically collection date of the blood serum sample or period between two adjacent sampling times). Serum IGF-I concentrations were lowest at d 0. The three dependent variables exhibited similar time trends from d 28 through the end of the 140-d test period. All three variables increased in value from d 28 to 56 (or from period 1 to period 2 in the case of ADG and feed efficiency), decreased from d 56 to 84 (period 2 to period 3), increased from d 84 to 112 (period 3 to period 4), and then declined again from d 112 to 140 (period 4 to period 5). Therefore, time periods in which IGF-I concentration increased also had increased ADG and feed efficiency values, and, conversely, time periods in which IGF-I decreased also exhibited decreased ADG and feed efficiency. Serum IGF-I concentration was highest at d 112, and ADG and feed efficiency were greatest in period 4 ( d 84 to 112). These maximums for IGF-I, ADG, and feed efficiency likely were due, in part, to the change from a growing diet at a finishing diet at d 84 and to the reimplantation with Ralgro at d 84. Orthogonal contrasts between the dates during which the growing diet was fed and the dates during which the finishing diet was fed were highly significant for serum IGF-I concentration and ADG. However, the orthogonal contrast between these dates was not significant for feed efficiency. A highly significant interaction between intake level and sampling period was observed for ADG and feed efficiency. For ADG and feed efficiency, period-to-period changes followed the same pattern (values increased from period 1 to 2, decreased from period 2 to 3, increased from period 3 to 4, and decreased again from period 4 to 5 ) within each of the three intake levels, but the magnitude of these changes varied somewhat with intake level.
Residual correlations were calculated among serum IGF-I concentrations at the different serum collection dates. Correlations between adjacent sampling dates ranged from .68 ( P < .0001) between d-84 and -112 IGF-I concentrations to .76 ( P < .0001) between d-0 and -28 IGF-I concentrations. Average correlation between adjacent samples was .72. Correlations between IGF-I concentrations at adjacent sampling times did not seem to be influenced by the shift at d 84 from a growing diet to a finishing diet. As expected, correlations between IGF-I concentrations at nonadjacent time points tended to decrease as interval between periods increased. The lowest correlation (.40, P < .02) occurred between the d-0 and -140 serum IGF-I concentrations.
Residual correlations were also calculated among IGF-I, ADG, and feed efficiency. A strong correlation was observed between ADG and feed efficiency ( r = .86, P < .0001). A correlation of .28 existed between serum IGF-I concentration and ADG ( P < .001). The relationship between IGF-I and feed efficiency was slightly weaker than that between IGF-I and ADG ( r = .16, P = .07).
Shown in Figures 1 and 2 , respectively, are scatter plots of the residuals for ADG vs IGF-I and feed efficiency vs IGF-I. The coefficient for the regression of ADG on serum IGF-I concentration was .00135 ± .00038 ( P < .001), indicating that for every 1 ng/mL increase in IGF-I concentration, ADG increased by .00135 kg/d. The coefficient for the regression of feed efficiency on serum IGF-I concentration was .00010 ± .00005 ( P = .04). Therefore, every 1 ng/mL increase in serum IGF-I concentration was associated with an increase in feed efficiency of .0001 kg gain/kg feed.
Discussion
Mice selected for high concentrations of plasma IGF-I had higher rates of growth than mice selected for low concentrations of IGF-I (Blair et al., 1988) , and mice selected for high rates of growth had higher concentrations of IGF-I in their blood serum than mice selected for low growth rates (Baker et al., 1991) . Additionally, rats and mice treated with purified IGF-I had higher growth rates than control animals (van Buul-Offers and Van den Brande, 1979; Schoenle et al., 1982; Ballard et al., 1993) . These studies support the conclusion that a relationship exists between observed concentrations of blood serum IGF-I and phenotypic growth.
Increases in serum IGF-I levels are related to increased growth not only in rats and humans, but also in all major livestock species. For example, positive phenotypic correlations between serum IGF-I levels and rate of gain were reported in cattle (LundLarsen et al., 1977; Ringberg, 1979; Bishop et al., 1989; Davis and Bishop, 1991) . These findings are in agreement with the residual correlation coefficient of .28 ( P <.001) observed between serum IGF-I concentration and ADG in our study. Davis and Simmen (1997) reported genetic correlations of IGF-I with weaning and postweaning weights and with postweaning weight gain that ranged from -.21 to -.54 and averaged -.38. The environmental correlation between IGF-I and performance traits varied from .10 to .35 and averaged .22. Phenotypic correlations of IGF-I concentrations with weaning weight and postweaning weights and gains ranged from -.01 to .12 and averaged .04.
Food deprivation affects blood serum IGF-I concentrations in rats (Phillips and Young, 1976) and humans (Clemmons et al., 1981) . Severe dietary restrictions of energy and protein also lower blood serum IGF-I concentrations in cattle (Breier et al., 1986; Houseknecht et al., 1988; Ellenberger et al., 1989; Elsasser et al., 1989) . Protein intake seems to have a greater influence than caloric intake on serum IGF-I levels in growing animals (Pimstone and Shapiro, 1979; Prewitt et al., 1982; Elsasser et al., 1989; Webster et al., 1995) . Because protein intake was held constant across all dietary intake levels in this study, it did not contribute to differences in IGF-I levels.
Imposed energy intake restrictions did not affect serum IGF-I concentrations ( P = .90) in the present study. This result is in agreement with that of Breier et al. (1986) and Elsasser et al. (1989) , who reported that moderate limitations of the diet did not affect serum IGF-I levels. However, in their studies protein and energy intake were restricted. It is probable that the imposed energy intake restrictions of 80 and 90% of ad libitum were not severe enough to affect IGF-I concentration in our study. Further research would be necessary to elucidate effects of protein restriction on IGF-I.
Serum IGF-I concentration differed ( P < .001) between adjacent serum collection dates of the postweaning test. Sharply increased levels of serum IGF-I were observed at blood collection dates immediately following implantation of Ralgro on d 0 and 84. Steroidal implants increase serum IGF-I levels in beef cattle Hays et al., 1995; Johnson et al., 1996) . Chang et al. (1997) reported that, compared to d-0 levels, Ralgro and Revelor (trenbolone acetate and estradiol-17b) resulted in significantly greater increases in IGF-I (1.9-and 1.6-fold) than were observed in the control group (1.2-fold increase) by d 28 of an experiment involving steers. In addition, Hufstedler et al. (1996) reported that continuous administration of zeranol in wethers increased weight of the pituitary gland, which in turn resulted in increased basal and peak serum GH concentrations, and consequently resulted in increased serum IGF-I concentrations. As a result of increased GH and IGF-I concentrations, zeranol increased ADG by 20% and gain:feed ratio by 17%.
In the present study, serum IGF-I concentrations of steers fed the growing diet differed from when they were fed the finishing diet ( P < .001). Serum IGF-I concentrations were highest at the end of the 28-d period immediately following the change from a growing diet to a finishing diet (i.e., at d 112). Also, ADG and feed efficiency increased from period 3 ( d 56 to 84) to period 4 ( d 84 to 112), particularly in the 80 and 90% of ad libitum groups. It is possible that the increased energy in the finishing diet allowed for compensatory growth and improved feed efficiency, again particularly in the two restricted groups, partly due to increased levels of serum IGF-I.
Dietary intake level did not significantly affect feed efficiency, even though the least squares mean tended to increase as the diet became more restricted. Murphy and Loerch (1994) postulated that the observed increase in feed efficiency that occurred when feed intake was restricted was the result of improvements in diet digestibility, reductions in basal maintenance energy requirements, and changes in carcass composition. No difference in efficiency was found for the finishing diet vs the growing diet ( P > .10 for the orthogonal contrast).
Feed efficiency seems to improve as serum IGF-I concentration increases in rats (Reeves et al., 1979; Ballard et al., 1993) and cattle (Lund-Larsen et al., 1977; Bishop et al., 1989) . In our study, common directional changes were observed over time for serum IGF-I concentration, ADG, and feed efficiency. In every 28-d interval in which an increase (or decrease) in serum IGF-I level was observed, a comparable increase (or decrease) in ADG and feed efficiency was observed. It is possible that the Ralgro implant contributed to these trends, because periods that demonstrated significant increases in serum IGF-I levels, ADG, and feed efficiency corresponded to those immediately following implantation on d 0 and 84 of the postweaning test. Similarly, periods that exhibited decreased serum IGF-I levels, ADG, and feed efficiency were those immediately before the d-84 implantation and at the end of the postweaning test, periods for which a decline in the effectiveness of the implant is predicted. Additional research is needed to investigate the relationship between Ralgro and serum IGF-I concentration.
Direct selection for feed efficiency is not practical for most beef cattle producers because of the time, labor, and cost required to measure feed intake of individual animals. Positive residual correlations were found in our study between serum IGF-I concentration and feed efficiency ( r = .16, P = .07). Additionally, analysis of residuals obtained after removal of the effects of dietary intake level, time, and their interaction resulted in a regression of feed efficiency (kg feed/ kg gain) on serum IGF-I concentration (ng/mL) of .00010 ± .00005. Whereas these results are not sufficient to ensure accurate selection of cattle based solely on use of serum IGF-I concentration as a physiological indicator of feed efficiency (Hill, 1985; Woolliams and Smith, 1988; Blair et al., 1990) , additional progress in improving feed efficiency may be achieved if selection methods incorporate IGF-I concentration of individual animals.
Implications
This study demonstrates that reducing energy intake by moderate restrictions in feed intake does not significantly affect blood serum insulin-like growth factor I (IGF-I) concentration. Furthermore, our results support the hypothesis that blood serum IGF-I plays a role in growth and efficiency of feed utilization in cattle and that IGF-I, therefore, may be a useful aid in selection for improved growth and feed efficiency.
Literature Cited

